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The Ju¨lich Electric Dipole moment Investigation (JEDI) collaboration aims at a direct measure-
ment of the Electric Dipole Moment (EDM) of protons and deuterons using a storage ring. The
measurement is based on a polarization measurement. In order to reach highest accuracy, one has
to know the exact trajectory through the magnets, especially the quadrupoles, to avoid the influ-
ence of magnetic fields on the polarization vector. In this paper, the development of a beam-based
alignment technique is described that was developed and implemented at the COoler SYnchrotron
(COSY) at Forschungszentrum Ju¨lich. Well aligned quadrupoles permit one to absolutely calibrate
the Beam Position Monitors (BPMs). The method is based on the fact that a particle beam which
does not pass through the center of a quadrupole experiences a deflection. The precision reached
by the method is approximately 40 µm.
I. INTRODUCTION AND MOTIVATION
The observed matter-antimatter asymmetry in the uni-
verse cannot be explained by the Standard Model of par-
ticle physics and cosmology alone. Additional CP vio-
lating mechanisms beyond the already known effects are
needed [1]. Evidence for additional CP violating effects
is accessible from a measurement of permanent Electric
Dipole Moments (EDMs) of subatomic particles. The
EDMs violate both parity and time reversal symmetry,
and are also violating CP symmetry if the CPT-theorem
holds. However, the EDMs predicted by the Standard
Model are orders of magnitudes too small to explain the
dominance of matter over antimatter in the universe.
The discovery of a large EDM would hint towards physics
∗ corresponding author: t.wagner@fz-juelich.de
beyond the Standard Model and contribute to the expla-
nation for the dominance of matter over antimatter in
the universe.
The observation of EDMs of subatomic particles is pos-
sible by observing their interaction with electric fields.
For neutral particles (e.g., the neutron [2]) this can be
done in small volumes. Because of their acceleration
in electric fields, for charged particles this constitutes a
more difficult task. The Ju¨lich Electric Dipole moment
Investigation (JEDI) Collaboration aims to measure the
EDM of the proton and the deuteron in a storage ring.
The control of systematic uncertainties is of paramount
importance, making the design of a dedicated EDM stor-
age ring, and in particular the alignment of the ring ele-
ments [3] and the correction of the closed-orbit [4] a very
demanding task. At the Cooler Synchrotron (COSY)
(see Fig. 1) of Forschungszentrum Ju¨lich, a first stor-
age ring EDM measurement is presently being carried
out for deuterons [5] and being planned for protons. In
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2order to improve the precision of the machine, a beam-
based alignment method is applied to align the magnetic
centers of the quadrupole magnets and the BPMs. This
beam-based alignment method has been applied at elec-
tron [6] and hadron [7] machines before. This proce-
dure requires the quadrupoles to be mechanically aligned.
This was achieved by a surveying procedure1 to a preci-
sion of 200 µm. The detailed alignment data are listed
in Tab. III and Tab. IV in the appendix. Several tests
were performed to determine the effect of a full beam-
based alignment survey of all quadrupoles in the accel-
erator. The first two tests [8, 9] showed that the offset
between the quadrupoles and BPMs amounts to several
mm. Thus the beam-based alignment measurement has
to be performed for all quadrupoles in the accelerator in
order to have all BPMs properly calibrated.
The full measurement campaign for the beam-based
alignment has been performed at COSY for all 56
quadrupoles in the ring. With the use of the 31
BPMs it was possible to determine the center of the 56
quadrupoles in COSY and with that calculate the offset
between the BPMs and quadrupoles to get a better cali-
bration of the BPMs. In addition this measurement also
allowed to check the alignment of the quadrupoles in the
straight sections of the accelerator with respect to each
other, where it was found out that some magnets are not
on axis with the other quadrupoles (in contrast to the
alignment survey results).
This paper is organized as follows. In section II a short
introduction is given, in which the method is described.
Section III describes the measurement at COSY and the
analysis of the data followed by section IV discussing the
results.
II. THEORETICAL DESCRIPTION OF
BEAM-BASED ALIGNMENT
In order to determine whether a particle beam passes
through the center of a quadrupole, one can use the effect
that an off-center beam experiences a dipole component
leading to a kick of the particle beam. By varying the
quadrupole strength, one simultaneously varies the mag-
nitude of the dipole component of the field, which the
off-center beam experiences. This results in a measur-
able closed-orbit change that depends on the offset of
the beam inside the quadrupole whose strength was var-
ied. The orbit change in one plane (here horizontal, x)
can be described by [6]
∆x(s) =
∆k · x(s0)`
Bρ
1
1− k `β(s0)2Bρ tanpiν
×√
β(s)
√
β(s0)
2 sinpiν
cos[φ(s)− φ(s0)− piν], (1)
1 Vermessungsbu¨ro Stollenwerk & Burghof, 50126 Bergheim
where the parameters are explained in Tab. I.
Table I. Explanation of the parameters in Eq. (1)
Parameter Meaning
∆x Orbit change
s Measurement position
s0 Position of quadrupole
∆k Change in quadrupole strength
x(s0) Position of the beam with re-
spect to the magnetic center of the
quadrupole
` Length of quadrupole
Bρ = p
q
Magnetic rigidity of the beam
k Quadrupole strength
β Beta function
ν Betatron tune
φ Betatron phase
From Eq. (1) one can see that the orbit change ∆x(s)
at a given position s is proportional to the beam posi-
tion inside the quadrupole x(s0). As not all parameters in
Eq. (1) are perfectly known all along the accelerator, the
proportionality is quite useful. This permits one to con-
struct a merit function to extract the optimal position of
the beam inside the quadrupole from the measured data.
The merit function that was used for this measurement
is
f(x(s0), y(s0)) =
1
NBPM
NBPM∑
i=1
[
(∆xi)
2 + (∆yi)
2
]
(2)
∆xi = xi(x(s0); +∆k)− xi(x(s0);−∆k)
∆yi = yi(y(s0); +∆k)− yi(y(s0);−∆k)
In order to determine the merit function
f(x(s0), y(s0)), one has to take two measurements for
each beam position inside the quadrupole. One measure-
ment with slightly increased (+∆k) quadrupole strength
and another one with slightly reduced (−∆k) quadrupole
strength. The differences of the beam positions xi and
yi at the i-th beam position monitor are summed up in
quadrature for all beam position monitors (see Eq. (2)).
It is easy to conclude that the merit function is propor-
tional to the offset of the beam inside the quadrupole
squared f ∝∑i(∆xi)2 + (∆yi)2 ∝ a(x(s0))2 + b(y(s0))2,
where the factors a and b are introduced because the
sensitivity to the strength change of the quadrupole is
different in horizontal and vertical direction. The shape
of the merit function is a paraboloid and by finding its
minimum one can determine the optimal position of the
beam inside the quadrupole.
3Figure 1. Sketch of COSY [10] with labeled quadrupoles and BPMs along the ring. The black elements represent the quadrupoles
and the yellow elements the BPMs. The quadrupoles in the straight sections are called ”QT”, whereas the quadrupoles in the
arcs are called ”QU”, which is used to distinguish them due to a different width of the magnets. The dipoles are shown in red
and horizontal and vertical steerers in gray and purple, respectively.
III. MEASUREMENTS AT COSY
A. Hardware upgrades at COSY
In order to perform the measurement each quadrupole
strength has to be modified individually. In the power-
ing scheme of COSY though, four quadrupoles are pow-
ered by one main power supply. Some quadrupoles are
equipped with back-leg windings, which allows for an
individual control. A first beam-based alignment mea-
surement has been performed with those 12 quadrupoles
already [9].
As not all quadrupoles could be equipped with back-leg
windings, a new solution was found. A smaller floating
power supply was added in parallel to one quadrupole
magnet in order to add or bypass some of the current.
The devices chosen are source-sink power supplies2 and
are ideally suited for the beam-based alignment. For cost
reasons, it was not possible to acquire 56 of these power
supplies. Instead it was decided to purchase only four of
them and connect them as needed during the beam time.
For that, connectors were mounted on each quadrupole,
where the mobile power supplies can be plugged in.
The communication with the power supplies was re-
alized with serial communication over Ethernet in order
to dynamically control them during the measurement.
2 Ho¨cherl & Hackl GmbH https://www.hoecherl-hackl.com/
As an additional safety aspect the power supplies were
disconnected during the acceleration of the beam not to
interfere with the ramping of the quadrupoles and were
later connected with a relay after the acceleration.
With this hardware upgrade and the existing system of
31 BPMs the measurements described in the next section
could be performed.
B. Measurement procedure
As a first step a rough calibration of the BPMs was
performed where only the quadrupoles, which have a
BPM next to them, were measured for the calibration
of the BPMs. This first calibration was applied and then
the measurement for all the quadrupoles was performed
as a second step. This first calibration was done in or-
der to know the approximate optimal position inside the
quadrupoles and use a scan with a better resolution and
smaller range afterwards.
The measurement procedure scans multiple different
beam positions inside the quadrupole to find the opti-
mal position, where a strength change does not steer the
beam. For the measurement the beam was prepared and
then the additional power supplies were connected with
the help of a relay. Then during the cycle the beam was
moved to a position inside the quadrupoles with the help
of nearby steerers using a local orbit bump. This or-
bit bump was kept while manipulating the quadrupole
strength and then removed in the end to have a compar-
4+∆k
−∆k
nominal nominal nominal
Q
u
ad
ru
p
o
le
st
re
n
gt
h
Time
beam
prep.
10 s
Orbit bump applied
Figure 2. Pattern of strength change of the quadrupole during
the measurement. In the beginning of the cycle the beam is
prepared, i.e. accelerated, bunched and positioned as desired
with the use of an orbit bump. Then the quadrupole strength
is left at the nominal strength to have a reference point to
check if something changes during the measurement time due
to outside effects. Next the quadrupole strength is increased
by +∆k and afterwards again set to nominal strength. Then
the quadrupole strength is set to nominal strength −∆k and
afterwards set to nominal strength again. This is a complete
pattern leading to one data point for the merit function.
ison of the orbit in order to check for long-term drifts
during the cycle. In between the variation steps of
the quadrupole, the quadrupole was also set to nomi-
nal strength in order to check for beam movement due
to other effects, which has to be corrected for. The
quadrupole strength variations were done all in a single
cycle, as different injection points with a shift of a few
tens of µm have been observed at COSY. This was done
to avoid additional systematic errors. The pattern of the
quadrupole strength variation can be seen in Fig. 2.
C. Optimal position inside the quadrupole
Each measurement for one quadrupole is character-
ized by 50 points (i.e. 50 cycles), where the effect of
the strength change was measured for different positions
in the quadrupole (i.e. steerer settings). The choice of
50 points was done to have sufficient information for the
determination of the optimal position of the beam in-
side the quadrupole magnet and to be able to finish the
measurement in the given time frame (50 cycles taking
approximately 1.5 hours). For each of the 50 points the
measurement procedure described beforehand is used and
then the merit function (see Eq. (2)) is calculated. Some
of the 50 measured points had to be discarded due to
beam loss, low beam current at corner points and other
issues. The resolution of the BPM reading (20 µm) is
used to compute the error for the merit value of each
point. Note, that the absolute transverse position of the
BPM with respect to a fixed reference frame is not needed
here. Then a paraboloid is fitted to the data points, with
which one can extract the minimum, i.e. optimal posi-
tion inside the quadrupole. The error on the minimum
for all the fits is of the order of 10µm. Since there is
no BPM inside the quadrupole, the two BPMs on either
side of the quadrupole were used to extrapolate into the
quadrupole to determine the beam position inside. This
extrapolation also took the steerers and their beam de-
flections into account.
An example of such a fit is given in Fig. 3, where one
can see the shape of the paraboloid as expected from the
merit function. In addition one can see the optimal posi-
tion inside that quadrupole as the green point, where the
lines at the bottom of the plot are to guide the eye. The
quadrupole change ∆k was kept constant during such a
scan.
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Figure 3. An example of a fit for the determination of the
optimal position inside a quadrupole is shown. This example
shows a measurement of QU17, which is located in the arcs.
The white points are the data points, where on the x- and
y-axis the horizontal and vertical displacements of the beam
inside the quadrupole are shown, and on the z-axis the calcu-
lated merit function f(x(s0), y(s0)) is depicted. The displace-
ment of the beam inside the quadrupole is obtained by extrap-
olation from BPMs up- and downstream of the quadrupole.
The z-axis has been drawn upside down to make the minimum
(highest point in the plot) easier to identify. The data points
have a small error (≈0.008 mm2), which is not displayed here.
The fit to the data is the colored paraboloid, where the green
dot marks the minimum of the fit. In order to guide the eye
where the minimum is two lines at the bottom of the plot
have been added.
The two to four measurements that were taken for each
quadrupole were combined to get a value for the opti-
mal position in each of the quadrupoles. In some cases
the variation of the optimal positions between the in-
dividual measurements is around 150µm, which is larger
than the uncertainty on the minimum of the fit (≈10 µm).
In other cases the variation between individual measure-
ments is nearly zero. Thus the error on the combined op-
timal position from the repeated measurements has been
estimated by looking at the distribution of the differ-
ent spreads of all the quadrupoles to get an estimate on
how much repeated measurements differ from each other.
From this an error of 40µm has been calculated and ap-
plied to all optimal positions. An example of the spread
of the repeated measurements can be seen in Fig. 4, where
5Figure 4. Spread of measured optimal positions inside
quadrupole QT04. The data points are the results from the
individual fits with the errors obtained by the fitting proce-
dure. On the x-axis the date and time of the measurement
are shown. In addition the weighted average values of the
individual measurements are shown as the horizontal yellow
lines. The yellow shaded band around those has a size of
±40µm, which is the error assigned to all average positions,
as explained in the text.
one can see the individual measurements and their errors
from the fit. In addition a weighted average of the in-
dividual measurements with an error band of 40 µm is
shown.
The resulting optimal position in terms of the uncali-
brated BPMs in all the quadrupoles are shown in Fig. 5
with the light blue bars. There one can easily see that
optimizing the beam to the zero position of the uncal-
ibrated BPMs will lead to a beam not passing through
the center of the quadrupoles. In addition one can also
see that the quadrupoles in the straight sections which
are close together (see Fig. 1) are usually on one axis
(compare Tab. III), which is expected as all quadrupoles
were aligned mechanically with a precision of 0.2 mm to
the coordinate system of COSY. This is the case in the
straight sections as there the quadrupoles are close to-
gether in sets of four, whereas in the arcs they are more
equally distributed.
D. BPM calibration
With the now known optimal positions inside the
quadrupoles one can calibrate the BPMs such that the
new zero in the BPMs corresponds to the quadrupoles
also being at the zero of the coordinate system (see black
dashed line in Fig. 6). The BPM calibration is quite
straight forward with all the optimal quadrupole posi-
tions known. This will move the optimal position inside
the quadrupoles close to the zero orbit in the BPMs, as
there are more quadrupoles than BPMs. In addition one
can use the sets of four quadrupoles in the straight sec-
tions for the calibration as nearly all of them have a BPM
inside them and are aligned mechanically. Thus not only
the two closest quadrupoles but the whole set is used for
the calibration. An example for the calibration of a BPM
can be seen in Fig. 7, where the calibration was computed
with the help of nearby quadrupoles.
Some observations also resulted from the calculation
of the calibration, which is that some of the quadrupoles
are actually not aligned correctly within the set of four
quadrupoles. This will be discussed in more detail later.
In addition a part of the positions inside the quadrupoles
could not be moved close to the zero line with the cali-
bration of the BPMs, which is also due to a lack of BPMs
that can be calibrated in that section, as there are more
quadrupoles than BPMs, see Fig. 5.
IV. DISCUSSION OF RESULTS
A. Optimal position inside the quadrupoles
For each quadrupole the optimal position has been
extracted from the measured data as described above.
These positions then have been used to calibrate the
BPMs properly in order to have the zero orbit (see black
dashed line in Fig. 6) in the center of the quadrupoles.
With the new calibration of the BPMs one can recalculate
the optimal positions in the quadrupoles in that coordi-
nate system and see the improvement, that the centers
of the quadrupoles are now at or close to the zero line of
the coordinate system. This can be seen in Fig. 5, where
one can compare the light blue bars, which are the cal-
culated optimal positions inside the quadrupoles before
calibration and the dark blue bars, which are after the
calibration.
B. Alignment of the quadrupoles
As mentioned before the procedure requires that all
quadrupoles are mechanically aligned. According to the
surveying this is the case within a tolerance of 0.2 mm.
What one can also see in Fig. 5 is that not all optimal
positions in the quadrupoles could be moved close to the
zero line. For the straight sections, where there are sets
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7Figure 6. Model sketch of the optimization of the beam
path in the accelerator. This model contains only three
quadrupoles and has a total ring length of 4.5 m. The
beam-based alignment re-calibrates the BPMs such that the
quadrupoles are on the zero line of the coordinate system of
the BPMs (indicated by the black dashed line). Then, when
the beam passes through the zeros of the BPMs it will also
pass very close to the quadrupole centers. The optimal beam
path does not exactly match the design beam axis, as the
quadrupoles are only aligned with an accuracy of 200 µm.
With respect to the quadrupole centers the beam can be
aligned to a precision of 40µm.
of quadrupoles close together, one can check if individ-
ual quadrupoles are not correctly aligned, which is the
case for some of them. This can be seen for example
for quadrupole QT01, which is not on the same axis as
the rest of the set (see Fig. 5, where the first four op-
timal positions inside the quadrupoles do not fit on one
line for the horizontal direction). This observation has
been further investigated with a local re-measurement of
the mechanical alignment of the quadrupoles. The me-
chanical shift of the magnetic center has been verified
by observing a small rotation of the quadrupole, which
leads to a shift of the magnetic center off of the beam
axis like observed with the beam-based alignment. For
the arc sections of the accelerator this comparison is not
possible, as there are multiple elements in between the
individual quadrupoles. The outliers in the arcs are the
quadrupoles, which do not have a BPM close by and
thus could not be perfectly accounted for. Here one has
to trust the mechanical alignment and assume that all
the quadrupoles in the arcs are correctly positioned.
A further observation in Fig. 5 is that there is a pattern
in one part of the straight section (QT04-QT12, verti-
cally), where the optimal position inside the quadrupoles
rises and then falls. This effect could also not be cor-
rected for with the calibration of the BPMs due to tech-
nical reasons.
C. BPM calibration
The calibration of the BPMs has been calculated as
explained above and is depicted in Fig. 8. There one can
Figure 7. In order to calibrate a BPM in the straight sections
all four quadrupoles were used to calculate the BPM offset.
The bars are the optimal positions in the quadrupoles, where
one can fit a straight line (top plot). With that line one can
then calculate the offset at the position of the BPM, which is
the new BPM calibration. The optimal quadrupole position
after the BPM calibration can be seen in the lower plot, where
the optimal quadrupole positions are all close to zero. The
shaded region around the fit is used to indicate the alignment
precision that the company Stollenwerk achieved. For this
specific set of quadrupoles it was better than 0.2 mm, but
this is not the case for all of them.
see the calibration that has to be applied to the BPMs
in total. Not included in the bars are mechanical shifts
of BPMs, which have been introduced on purpose, e.g.
BPM No. 25, which is a BPM close to the extraction.
The overall pattern in the offsets is that for the vertical
direction the offset tends to be positive. This can be
explained by the fact that the BPMs are mounted on the
beam pipe, which itself is mounted on some fixed points,
but otherwise laying in the iron yokes of the magnets.
Without further support this causes a shift downwards,
thus a positive offset has to be applied. For the horizontal
direction also a trend towards positive values can be seen
as well, but here no easy explanation is obvious. All
offsets were applied to the BPMs for future experiments
at COSY.
8Figure 8. The new BPM calibration. The horizontal offsets are shown in red and the vertical ones in yellow. On the x-axis the
BPM name is displayed and on the y-axis the corresponding offsets. Before the beam-based alignment was done most of the
offsets were zero and the BPMs were not properly calibrated. One sees that the BPMs are off by several mm with respect to
the optimal beam axis given by the magnets.
D. Improvement of the orbit
Now the orbit in the accelerator will improve, but some
steering power is still needed, as the mechanical align-
ment of the quadrupoles is only 200 µm, whereas we could
determine the optimal positions inside them with a pre-
cision of 40 µm. Thus the design beam axis of the ac-
celerator (blue horizontal line in Fig. 6) will not exactly
match the optimized orbit in the machine. The optimized
orbit, going through the zero reading of the calibrated
BPMs (red line in Fig. 6), will be significantly closer to
the center of the quadrupoles than the design orbit, as
the quadrupoles are slightly off the design axis due to
their alignment precision. The fact that the beam does
not pass exactly through the centers of the quadrupoles
is due to the optimization algorithm, which makes sure
that the beam passes through the zeros of the BPMs. The
closer a BPM and quadrupole are together the closer the
beam passes through the quadrupole center.
In order to judge by how much the orbit improved
due to the correct calibration of the BPM offsets two
measurements were performed. One with the BPM cal-
ibration before applying the offsets and the other one
afterwards.
For both measurements one tried to correct the orbit
as good as possible with the orbit correction software [11]
used at COSY. It tries to move the orbit as close as pos-
sible to the predefined golden orbit, which corresponds
to zero readings in the BPMs. This is done by using the
steerers in the accelerator.
For the first measurement before applying the offsets of
the BPMs the resulting steerer current RMS can be seen
in Tab. II. The RMS values for the second measurement
with the applied offsets from the beam-based alignment
procedure can also be seen in Tab. II. In order to see
the improvement one has to achieve similar orbit RMS
values, which was the case for these measurements, as
the orbit correction software ran until the best solution
was found. Then a comparison of the steerer current
tells by how much the new calibration is an improvement.
For the horizontal direction one needs 20% less steerer
current and for the vertical direction 80% less steerer
current, while keeping similar orbit RMS values for both
directions. This improvement shows that one does not
have to correct against the beam being offset inside the
quadrupoles anymore and thus the beam is not deflected
by the quadrupoles anymore.
This result shows that the beam-based alignment has
been successfully applied at COSY and it helps improve
the orbit in the accelerator. This then also enables a
comparison of the measurement with the simulations, as
the BPMs are now calibrated, and also to compare sim-
9ulations to previous measurements.
Table II. Change of Steerer current RMS depending on the
calibration of the BPMs with similar corrected orbits RMS.
Before the calibration with the obtained results only known
and deliberate shifts of BPMs were included, which was the
case for 3 out of 31 BPMs. After the calibration all of the
BPMs were calibrated to show zero when the beam is cen-
tered in the nearby quadrupoles. The Orbit was corrected to
minimal orbit RMS, where the goal was to reach a zero orbit,
and the values for the corresponding steerer currents, which
are given in a percentage of the maximal current and their cor-
responding kick in mrad, were recorded. Due to constraints
during this test the performance of the horizontal direction
was not as good as it could have been.
Horizontal Steerer RMSx
Before calibration 5.03 % / 0.63 mrad
After calibration 3.90 % / 0.49 mrad
Vertical Steerer RMSy
Before calibration 4.39 % / 0.25 mrad
After calibration 0.79 % / 0.05 mrad
V. CONCLUSION
With the beam-based alignment procedure we suc-
ceeded in aligning the beam with respect to the center
of the quadrupoles to 40µm. This is an important in-
gredient for spin tracking based on a further improved
COSY model, to finally be able to understand system-
atic errors of the EDM measurement at COSY [12]. The
beam position monitors (BPMs) were calibrated such
that the quadrupoles are located at (or close to) the
zero line of the coordinate system defined by the BPMs.
The quadrupoles themselves are aligned to a precision of
200 µm with respect to the design beam axis, see Fig. 6.
In principle the method could be further improved.
The limit of 40 µm originates from fluctuations between
measurements with some time gap in between (see Fig. 4)
where mechanical drifts of this order, due to e.g. tem-
perature changes, are expected. A single measurement
reaches an accuracy of about ≈10 µm (Fig. 4). Thus,
running a feedback system and continuously monitoring
the quadrupoles one could reach the precision of a single
measurement.
As a result of this BPM calibration, the orbit cor-
rection now leads to an orbit passing close to the cen-
ter of the quadrupoles. This could be confirmed by the
fact that after the beam-based alignment procedure less
steerer correction power is needed to reach the optimal
orbit, as one does not have to act against the steering of
off-center quadrupoles.
Apart from a better orbit in the machine, also
misalignments of quadrupoles were observed and con-
firmed with a mechanical measurement. Those observed
quadrupole misalignments will be corrected in the future
improve the quality of the accelerator further.
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Appendix: Mechanical alignment of the quadrupoles
The appendix contains two tables listing the values for
the mechanical alignment of the quadrupoles.
Table III. Mechanical alignment of COSY quadrupoles in the
straight sections relative to design specifications. ∆z is along
beam direction and ∆x and ∆y are horizontally and verti-
cally, respectively. The mean error on those measurements
is 0.06 mm. The additional separation in the table indicates
the sets of quadrupoles which are located close together. The
alignment and measurement of the data has been performed
by Vermessungsbu¨ro Stollenwerk & Burghof.
Element Translation [mm]
∆z ∆x ∆y
QT01 -1.21 0.02 -0.37
QT02 0.42 0.01 -0.11
QT03 -0.46 0.02 -0.18
QT04 3.43 0.07 -0.34
QT05 0.39 -0.04 -0.06
QT06 -0.73 -0.06 -0.07
QT07 -0.14 -0.07 -0.03
QT08 -0.62 -0.08 0.98
QT09 -0.33 0.03 0.06
QT10 -0.13 -0.19 0.15
QT11 -0.43 -0.07 -0.10
QT12 -0.45 -0.03 0.09
QT13 -0.34 0.08 0.21
QT14 -0.07 -0.18 0.18
QT15 -0.25 -0.22 0.16
QT16 -0.33 -0.09 0.01
QT17 0.11 -0.13 0.56
QT18 0.08 -0.26 -0.28
QT19 0.13 -0.12 0.34
QT20 -0.92 -0.23 0.24
QT21 2.72 -0.31 0.35
QT22 0.76 -0.39 0.10
QT23 0.60 -0.21 0.02
QT24 0.75 -0.27 0.12
QT25 0.45 -0.28 0.04
QT26 0.51 -0.30 0.86
QT27 0.59 -0.30 -0.11
QT28 0.70 -0.19 -0.04
QT29 1.78 -0.16 -0.12
QT30 0.32 0.15 0.13
QT31 0.50 0.05 0.23
QT32 0.43 -0.24 0.16
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Table IV. Mechanical alignment of COSY quadrupoles in the
arcs relative to design specifications. ∆z is along beam direc-
tion and ∆x and ∆y are horizontally and vertically, respec-
tively. The mean error on those measurements is 0.06 mm.
The alignment and measurement of the data has been per-
formed by Vermessungsbu¨ro Stollenwerk & Burghof.
Element Translation [mm]
∆z ∆x ∆y
QU01 -0.69 -0.14 -0.10
QU02 0.13 -0.06 -0.22
QU03 0.22 0.04 -0.37
QU04 0.68 0.04 -0.40
QU05 -0.20 -0.02 -0.39
QU06 -0.91 -0.07 -0.37
QU07 -0.12 0.12 -0.24
QU08 0.06 0.23 -0.93
QU09 -0.18 0.21 -0.25
QU10 -5.22 0.25 -0.38
QU11 0.29 -0.15 -0.06
QU12 0.43 -0.22 0.10
QU13 -0.18 -0.05 0.11
QU14 0.47 -0.14 -0.13
QU15 0.08 -0.02 -0.15
QU16 -0.12 -0.02 -0.06
QU17 0.06 -0.02 -0.07
QU18 0.03 -0.04 -0.17
QU19 0.28 0.14 -0.20
QU20 0.49 0.11 -0.26
QU21 0.32 0.09 -0.46
QU22 -9.78 0.11 -0.47
QU23 16.82 -0.22 -0.32
QU24 -0.95 -0.07 -0.27
